This paper describes the mechanistic insight-guided development of a catalyst system, employing a phenolic proton donor catalyst in addition to a cinchonium-derived phase-transfer catalyst, to control the chemoselectivity of two distinct intermediates, thereby enabling the desired asymmetric tandem conjugate addition-protonation pathway to dominate over a number of side-reaction pathways to provide a synthetic approach for the direct generation of optically active amines bearing two nonadjacent stereocenters.
Edited by Phil S. Baran, The Scripps Research Institute, La Jolla, CA, and approved January 9, 2018 (received for review October 21, 2017) This paper describes the mechanistic insight-guided development of a catalyst system, employing a phenolic proton donor catalyst in addition to a cinchonium-derived phase-transfer catalyst, to control the chemoselectivity of two distinct intermediates, thereby enabling the desired asymmetric tandem conjugate addition-protonation pathway to dominate over a number of side-reaction pathways to provide a synthetic approach for the direct generation of optically active amines bearing two nonadjacent stereocenters.
phase-transfer catalysis | umpolung | asymmetric tandem reactions | chemoselectivity | chiral amines C atalytic asymmetric tandem reactions are recognized as an optimal strategy for the synthesis of complex chiral compounds (1-9). The power of catalytic asymmetric tandem reactions is particularly compelling in providing direct transformations of readily available achiral starting materials into complex acyclic chiral products bearing nonadjacent stereocenters, as constructions of such structural motifs typically require a multistep process. Accordingly, great efforts have been directed toward the development of such catalytic asymmetric tandem reactions, where the focus has been on how to design and develop synthetic catalysts to achieve high diastereoselectivity and enantioselectivity (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . It is illuminating to observe that enzymes not only routinely achieve high diastereoselectivity and enantioselectivity in mediating asymmetric tandem reactions but are also equally at ease in the control of chemoselectivity, thereby creating divergent biosynthetic pathways to convert a common intermediate into structurally distinct natural products (23, 24) . As shown in Scheme 1, enzymatic control of whether guanidinium enolate 1 undergoes an intramolecular conjugate addition or a protonation dictates whether 1 is an intermediate for the biosynthesis of polycyclic guanidine alkaloids ptilocaulin or batzelladine K. In this paper, we wish to describe the development of a small-molecule catalyst system to achieve high stereoselectivity and control of chemoselectivity of two different reaction intermediates. Specifically, this catalyst system not only directs a 2-azaallylanion intermediate to preferentially engage in a conjugate addition over a protonation (4 to 9 vs. 4 to 12, see Fig. 2 ) but also allows the resulting enolate intermediate to proceed next predominantly in an intermolecular protonation instead of an intramolecular Mannich reaction (9 to 10 vs. 9 to 15). This catalyst system thus enables an asymmetric tandem conjugate addition-protonation reaction pathway (13) (14) (15) (16) (17) (18) (19) (20) (21) to realize direct and asymmetric formation of chiral acyclic amines containing 1,3 stereocenters from readily available achiral precursors.
Chiral amines are widely presented in biologically active natural products and synthetic molecules. Great strides have been made in the development of efficient catalytic asymmetric C-C bond-forming nucleophilic additions to imines for the direct generation of chiral amines bearing either a sole stereocenter or two adjacent stereocenters (25) (26) (27) . On the other hand, the asymmetric construction of chiral amines bearing 1,3 stereocenters, a motif presented in a variety of biologically active and medicinally interesting compounds (Fig. 1) , typically requires a multistep process as the two nonadjacent stereocenters are created in separated bond-forming steps (28) (29) (30) (31) . We demonstrated that cinchonium salts such as 2a could promote the deprotonation of N-benzyl imines 3 to form the corresponding 2-azaallylanions 4, and then mediate chemo-, regio-, diastereo-, and enantioselective C-C bond-forming reactions between 4 and acrolein as well as β-substituted enals to form chiral amino aldehydes 6 containing either a sole stereocenter or two adjacent stereocenters (Scheme 2A) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . This development prompted us to investigate how 4 would react with α-substituted enals 8 with the hope of establishing an efficient asymmetric tandem conjugate additionprotonation cascade to directly generate optically active chiral amines containing 1,3 stereocenters (Scheme 2B).
The desired asymmetric tandem conjugate additionprotonation reaction is just one among the several possible reaction pathways by which 4 could react with 8 ( Fig. 2) . At the outset of our investigation, we were concerned about how to establish this tandem reaction as the dominant reaction pathway, in addition to how to achieve it in a highly diastereoselective and enantioselective fashion (44) (45) (46) . Cinchonium salt 2a was found to exercise catalytic control over the chemoselectivity (conjugate addition vs. protonation vs. [3 + 2] addition) and regioselectivity (C1 vs. C3 bond formation) with respect to how 2-azaallylanions Significance Enzymes efficiently facilitate biosynthetic pathways toward complex natural products by achieving not only precise construction of stereocenters, but also specific induction of particular reaction modes for each of the multiple reaction intermediates. We report the development of a small molecule catalyst system inspired by such traits of biocatalysts, which enables asymmetric tandem reactions to directly transform achiral precursors into complex chiral amines. Specifically, a catalyst system, based on synergistic cooperation between a cinchonium salt and a phenolic proton donor, mediated chemo-, regio-, diastereo-, and enantioselective asymmetric tandem reactions by controlling how two distinct reaction intermediates react, thereby establishing an asymmetric conjugate additionprotonation reaction cascade to generate optically active amines bearing two nonadjacent stereocenters. 4 participated in reactions with acrolein and β-substituted enals. We wished such catalytic control could be extended to reactions of 4 with α-substituted enals 8, thereby allowing the formation of the desired product 10 to be favored over those of side products 12, 14, and 16. Furthermore, we were uncertain how intermediate 9, upon its formation from 4 and 8, would partition between the downstream Mannich cyclization (9 to 15) and the desirable protonation pathways (9 to 10).
We began with an investigation of the 2a-mediated model reaction of phenyl trifluoromethyl imine 3A and methacrolein (8a). We found that the [3 + 2] adduct 16Aa was formed as almost the exclusive product albeit in high diastereomeric ratio (dr) and enantiomeric excess (ee) ( Table 1 , entry 1). Electronic or steric tuning of the terphenyl group in the phase-transfer catalyst was found to have no significant impact on the reaction outcome (Table 1 , entries 2-3). We next examined the tandem reaction of an alkyl trifluoromethyl imine, ethyl trifluoromethyl imine 3H, mediated by catalysts 2a-c. In these reactions the [3 + 2] adduct 16Ha was consistently formed in a significant amount, leading to a mixture of 10Ha and 16Ha in a ratio ranging from 41:59-58:42 (Table 1 , entries 4-6). On the other hand, 2c did afford noticeably higher diastereoselectivity and enantioselectivity. Importantly, the major diastereomers for both products were found to be formed in identical ee, suggesting they were likely derived from a common intermediate.
To elucidate by which pathway the [3 + 2] adduct was generated, we carried out NMR studies to measure the carbon isotope effect on carbons a-c in 16Aa using Singleton's method at natural abundance (47) (48) (49) (50) (51) . As summarized in Scheme 3, a carbon isotope effect was detected at only carbon c. These results indicated that 16Aa was formed not by a [3 + 2] cycloaddition pathway, but the stepwise conjugate addition-Mannich reaction pathway with the intermolecular conjugate addition as the rate-determining step. This mechanistic insight into the formation of 16Aa revealed that the challenge in realizing the desired tandem conjugate addition-protonation reaction was to switch the chemoselectivity of enolate 9 from favoring the intramolecular Mannich reaction to the intermolecular protonation pathway.
Considering that water is the most likely agent for the protonation of 9, we reasoned that, by introducing a more acidic species than water as a cocatalyst, we might be able to accelerate the protonation of 9 and consequently render the tandem conjugate addition-protonation the dominant reaction pathway. At the same time, we were cognizant that this cocatalyst must selectively promote the protonation of 9 vs. protonations of anionic intermediates 4 and 15 along the undesirable isomerization (4 to 12) and pyrrolidine-forming pathways (15 to 16), respectively.
These considerations guided us to investigate the impact of phenol derivatives as cocatalysts on the 2c-mediated reaction of 3A and methacrolein (8a). Phenol derivatives (52, 53) were previously reported as either an additive or a cocatalyst in chiral phase-transfer catalyst-mediated conjugate additions and aldol additions to increase reaction yield by promptly protonating the enolate intermediates that would otherwise undergo reverse conjugate additions and aldol reactions (54) (55) (56) . Although such phenolic derivatives, to our knowledge, were not documented as effective catalyst for the protonations of enolates to override an intramolecular C-C bond-forming reaction (57), we were hopeful that, by electronic and steric tuning via modifying the phenyl ring with substituents of varying electronic and steric properties, we might identify a phenol derivative to achieve this challenging goal while affording optimal selectivity with respect to the protonation of enolate 9 vs. other carbanions such as 4 or 15.
Phenol (17a) in an amount of 10 mol % was initially employed as a cocatalyst in our model reaction ( Table 2 , entry 1), which led to a significant increase of the desired tandem conjugate addition-protonation reaction product 10Aa with concomitant decrease of the [3 + 2] adduct 16Aa in the reaction product mixture ( Table 2 , entry 1 vs. Table 1 , entry 3). Importantly, 10Aa was formed in high dr and ee. Next we investigated the same reaction with p-methoxy and p-chloro phenols (17b-c), respectively ( Table 2 , entries 2-3). The results from these investigations suggested that the more acidic the phenol derivative the better it was as a cocatalyst. However, p-nitro phenol (17d) as a cocatalyst was found to increase the formations of both the desired 10Aa and the undesirable isomerization product 12A, resulting in a reaction product mixture of 10Aa:16Aa:12A in a 20:33:47 ratio (Table 2 , entry 4). Considering that enolate 9, in comparison with 2-azaallylanion 4 and amide 15, is a sterically less hindered substrate toward protonation, we next turned our attention to the commercially available, steric bulky phenol derivative 4-chloro-2,6-dimethylphenol (17e). Indeed, 17e was shown to be more effective than 17c in promoting the formation of 10Aa (Table 2 , entry 5 vs. 3). As we increased the loading of 17e from 10 mol % to 50 mol % and to 100 mol %, the formation of 10Aa increased in relation to 16Aa and 12A to reach the optimal ratio of 85:12:3 ( Table 2 , entries 5-7). Although the reaction conversion decreased from 100% to 54% with catalyst 2c in 1.0 mol % loading, a complete reaction could be attained by increasing the loading of 2c to 2.5 mol % while maintaining the optimal chemoselectivity, the high diastereoselectivity, and the enantioselectivity of the tandem asymmetric reaction pathway ( Table 2 , entry 8).
We applied 17e to the reaction of alkyl trifluoromethyl imine 3H and methacrolein 8a, and found that 17e also significantly enhanced the desired tandem asymmetric conjugate additionprotonation reaction. Even in the presence of only 10 mol % of 17e, the reaction with 2.5 mol % of 2c proceeded to completion to afford the desired amine product 10Ha as virtually the exclusive product and in high diastereo-and enantio-selectivity (Table 2, entry 9). This result represented a drastic improvement in chemoselectivity over that of the same 2c-mediated reaction in the absence of 17e while retaining the high diastereoselectivity and enantioselectivity (Table 2, entry 9 vs. 
3H
2.5 17e (10) 100 >95 j 5 j 0 86:14 j 93 *Reactions were performed with 3 (0.05 mmol), 8a (0.10 mmol), cocatalyst (y mol %), and aqueous KOH (0.6 μL, 50 wt %, 10 mol %) in toluene (0.5 mL) with 2c (x mol %) at −20°C. † Monitoring the reaction after 12 h, the ratio of 10 j 16 j 12 was determined to be 94 j 6 j 0 and the dr of 10 decreased to 76/24. ee for the major diastereomer of 10 was unchanged (93%). *Reactions were performed with 3 (0.05 mmol), 8a (0.10 mmol), and aqueous KOH (0.6 μL, 50 wt %, 10 mol %) in toluene (0.5 mL) with 2 (1.0 mol %) at −20°C. All reactions proceeded to completion after 1 h. † Conversion, product ratio (10j16j12), and diastereoselectivity were determined by 19 F NMR analysis; see SI Appendix for details. ‡ The absolute configuration of 10Aa obtained from the 2c catalyzed reaction was determined to be (R, R); see SI Appendix for details. § The absolute configuration of 16Aa obtained from the 2c catalyzed reaction was determined to be (R, S, R); see SI Appendix for details. Table 1 , entry 6). The fact that it is sufficient to use 17e in a catalytic amount indicates that it serves as cocatalyst, which is necessary to enable the tandem asymmetric conjugate additionprotonation reaction.
We applied this optimized protocol with both 2c and 17e to mediate reactions of a broad range of trifluoromethyl imines and α-substituted enals. As summarized in Table 3 , these reactions proceeded to near completion in 0.5-1.5 h and in high chemo-, diastereo-, and enantioselectivity, after which the amino aldehyde products 10 were converted to either amino alcohols 18 or N-benzyl amino alcohols 19. Aryl trifluoromethyl imines (3A-E) bearing either a para-or a meta substituent of varying electronic properties were readily tolerated, and the tandem reactions of these imines with methacrolein afforded the desired chiral trifluoromethylated amines bearing 1,3 stereocenters in high yields and high ee (Table 3 , entries 1-5). In addition, the reaction employing a trifluoromethyl alkenyl imine (3F) also proceeded in high diastereoselectivity, enantioselectivity, and exceedingly high chemoselectivity in the presence of 30 mol % 17e and 1.0 mol % 2c (Table 3 , entry 6). Similarly high chemoselectivity and stereoselectivity could be attained with both 2c and 17e in catalytic amount for reactions of linear, α-and β-branched alkyl trifluoromethyl imines and methacrolein (Table 3 , entries 7-12). We also examined the scope of α-substituted enals and found the reaction also tolerated significant variations of the α-substituent in enals 8 (Table 3, entries 13-15) . Importantly, the scope of this tandem asymmetric reaction could be extended to simple aldimines. As presented in Table 4 , we have demonstrated that this tandem asymmetric reaction accepted aryl aldimines bearing either electron-withdrawing or -donating groups (Table 4 , entries 4-5). In addition, substituents at both para-and ortho positions on the phenyl ring were tolerated. Extending the aromatic ring from the phenyl to the naphthyl group was found to have no negative impact on the reaction outcome (Table 4 , entry 6). Significantly, synthetically useful diastereoselectivity and excellent enantioselectivity could be secured for the tandem reaction employing a heteroaryl aldimine (Table 4 , entry 7). In parallel, we also examined the impact of significantly extending the length of the α-substituent of the enal and found such variations were well allowed (Table 4 , entries [8] [9] [10] . Notably, in contrast to the 2c-catalyzed reaction of trifluoromethyl imine 3A with 8a, we did not detect the formation of any [3 + 2] adduct. The only detectable side product was 14, a regioisomer of the desired product 10. Nevertheless, the reaction proceeded with consistently high The absolute configuration of 10La obtained from the 2c catalyzed reaction was determined to be (R, R); see SI Appendix for details. § Reaction was performed with 5.0 mol % of catalyst 2c.
regioselectivity (Table 4 , entries 1-10). The elimination of the [3 + 2] adduct as a side product in these tandem reactions with simple aldimines could be attributed to the lack of a tetra-substituted carbon center in the enolate intermediate 9 formed from the conjugate addition step. Without the Thorpe-Ingold effect caused by such a tetra-substituted carbon center, the intramolecular Mannich reaction was apparently slower than the protonation reaction. In summary, we have realized an asymmetric tandem conjugate addition-protonation reaction with imines as the nucleophile and α-alkyl acroleins as the electrophile. Mechanistic insights-guided development of a catalyst system employing a phenol derivative and a cinchonium salt allows the control of chemoselectivity of two distinct intermediates. Consequently, the desired tandem reaction is established as the dominant pathway over several side-reaction pathways, including those intrinsically preferred by substrate control. This asymmetric tandem reaction is highly stereoselective while tolerating a significant range of variations in both the imines and the α-alkyl acroleins. Consequently it provides a valuable synthetic approach for the direct asymmetric generation of chiral acyclic amines containing nonadjacent stereocenters.
Methods
The opposite enantiomer of 10 (or 16) was obtained from the reaction catalyzed by 2d (pseudoenantiomer of 2c; see SI Appendix for structure of 2d). In Tables 1-3 , conversion, product ratio (10j16j12), and diastereoselectivity (10, 18, and 19) were determined by 19 F NMR analysis. In Table   4 , product ratio (10/14) and diastereoselectivity of 10 were determined by 1 H NMR analysis and diastereoselectivity of 20 was determined by both 1 H NMR and HPLC analysis. Unless noted, the diastereomers in compounds 18, 19, 20 were not separable upon flash-chromatography purification and isolated as a mixture of two diastereomers. ee of the major diastereomer for compounds 18, 19, 20 were measured by HPLC analysis. For details, please see SI Appendix. † Reaction was performed with 1.0 mol % of catalyst 2c. ‡ The absolute configuration of 10Na obtained from the 2c catalyzed reaction was determined to be (S, R), see SI Appendix for details. § Reaction was performed at 0°C.
